Understanding adaptive genetic responses to climate change is a main challenge for preserving 37 biological diversity. Successful predictive models for climate-driven range shifts of species 38 depend on the integration of information on adaptation, including that derived from genomic 39 studies. Long-lived forest trees can experience substantial environmental change across 40 generations, which results in a much more prominent adaptation lag than in annual species. Here, 41
SNP-climate associations:
Significant SNP-climate associations were identified by combining 177 three different approaches. First, candidate SNP-allele frequencies were correlated with the 178 climate PCs with multivariate logistic regressions (mlr) using independently the control SNP-179 and the SSR-PCs as covariates to account for historical and demographic processes that could 180 have generated allele-frequency clines in the absence of selection (Grivet et Second, another set of SNP-climate correlations was performed with the Gibbs sampler and 187 the latent factor mixed models available in LFMM (Frichot et al. 2013) . Following the 188 population clustering results above (STRUCTURE and PCA), the number of latent factors (k) was 189 set to six, as they should capture most of the underlying population structure (see Results). Then, 190 ten runs of one million sweeps were performed after discarding 100,000 iterations as burn-in. involved in adaptation and can therefore be suboptimal to capture the population structure in the 202 covariance matrix, a series of analyses was performed to validate its suitability. First, the 203 covariance matrices produced by three independent BAYENV 2.0 runs were compared to each 204 other to verify convergence to similar results. Second, these matrices were transformed to 205 correlation matrices with the cov2cor function in R v 3.0.0 and correlated to pairwise-F ST 206 matrices generated in Arlequin ver. 3.5 (Excoffier et al. 2010 ) from this and the SSR datasets 207 using Pearson's coefficient in R v 3.0.0. Third, the Q-matrices produced in the STRUCTURE 208 clustering analyses for the two putatively neutral datasets (control SNPs and SSRs) were 209 similarly correlated in R v 3.0.0. 210
After these validation steps (see File S1 in Supplementary Information), a Bayes factor (BF) 211 describing the deviation between the null demographic model (i.e. the covariance matrix) and the 212 alternative one (the candidate SNP-climate correlations) was estimated for each SNP. Model 213 convergence was assured by performing three independent runs of 100,000 iterations and a burn-214 in of 10,000 chains with random seeds. Statistical support was assessed by Spearman's rank 215 correlation (ρ) tests for those associations exhibiting unusually high BF (Eckert et al. 2010b; De 216 La Torre et al. 2014 ). This was complemented by comparing these unusually high BFs to those 217 observed for SNPs that did not show any associations with the environment in any of the two 218 previous methods (mlr and LFMM; see Figure S1 ). Only those candidate SNP-climate 219 associations with a BF above 10 (corresponding to strong support according to Jeffreys' scale) 220 and a ρ-value of 0.25 or higher were conserved for validation and fitness prediction in the 221 common garden (see below). 222
All three sets of analyses were repeated at the regional scale for the Iberian Mediterranean and 223
Atlantic regions, where sampling was more intensive in terms of number of populations and 224 11 individuals. The Mediterranean region of the Iberian Peninsula is a climatically heterogeneous 225 area characterized by a high seasonality with very dry summers, in which maritime pine forms 226 scattered populations near the coast, along altitudinal gradients in different mountain systems, 227 and in the central plateau (Alía et al. 1996) . The Atlantic region of the Iberian Peninsula is 228 climatically more homogeneous, with wet-temperate climates and low seasonality. In this region, 229 P. pinaster exhibits large continuous populations, partly due to plantations of local origin (Alía 230 et al. 1996) . 231 232 Genetic diversity and spatial structure: Expected and observed heterozygosity (H E and H O ) 233 and standardized genetic differentiation (G' ST ) were calculated with SMOGD (Crawford 2010) for 234 each population and gene pool (i.e. Iberian Mediterranean and Atlantic regions) by using 235 separately the SSRs, the candidate SNPs associated with climate, and the control SNPs. The 236 existence of spatial autocorrelation was surveyed for the last two sets of markers by using the 237 spatial structure analysis available in SAM v4.0 (Rangel et al. 2010 ). Briefly, a relative Moran's I 238 index (I / I max ) was determined for each marker by using a Gabriel connectivity matrix with 239 symmetric distance classes. Significance was assessed with 999 permutations and the Bonferroni 240 criterion for multiple testing. To demonstrate that significant correlations were not due to population structure, we first 270 performed a re-sampling procedure as follows. A series of 1,000 random samples of 18 SNPs 271 with frequencies matching those of the retained candidates were obtained from the control SNP 272 13 dataset. Then, correlation coefficients with survival were computed for each 18-SNP sample as 273 described above, and the probability of having equal or higher correlation coefficients than the 274 ones obtained with the retained SNPs was estimated by comparing this value with the 275 distribution of random correlation coefficients. Second, we computed a new PCA on the 276
complete set of candidate SNPs tested for adaptation to climate (266 SNPs) and a new set of 277 correlations with survival were obtained for the 18 SNPs that best explained population 278 subdivision in this PCA. Mediterranean (south-eastern and central) regions of the Iberian Peninsula ( Figures 1 and S2) ; 293 they are probably the result of the expansion of as many glacial refugia (Bucci et al. 2007 ; 294 14 Climate records (32 variables) for each population were reduced to three PCs for the summer 296 (June to September) and winter months (December to March), explaining 96.3% and 95.9% of 297 the total climatic variation for each season, respectively (Table S2, Figure S3 ). The three winter 298
PCs were mainly loaded by the lowest and mean temperatures (PC-Winter1), the mean 299 precipitation (PC-Winter2), and the highest temperature (PC-Winter3), while the summer axes 300 mostly corresponded to the mean precipitation (PC-Summer1), and the lowest (PC-Summer2) 301
and mean (PC-Summer3) temperatures, respectively. Population PC-scores were tested for 302 correlation (after correcting for phylogeographic structure) with the genotypes of the 266 303 candidate SNPs that were retained from the second OPA. At the range-wide scale, the 304 multivariate logistic regressions (mlr) revealed 29 significant allele frequency-climate 305 correlations for 24 SNPs, while the latent factor mixed models (LFMM) produced 49 significant 306 correlations for 41 SNPs. In total, 21 correlations for 18 SNPs overlapped for both methods, 307 including those for five non-synonymous polymorphisms; all of these correlations were also 308 significant in the Bayesian environmental association analysis (Coop et al. 2009) (Tables 1 and  309   S3) . 310
The 18 retained SNPs were located in 17 genes involved in growth, synthesis of secondary 311 metabolites, membrane transport, and abiotic stress response, among others (Table 1) Table 1 ) were over-expressed in maritime pine under experimental 317 drought treatments (Perdiguero et al. 2013) , including the two examples given in Figure 2 . 318 15 Average population differentiation (e.g. G' ST ) was higher for the candidate SNPs associated 319 with climate than for the control (i.e. putatively neutral) ones or the nuclear SSRs (Tukey's post-320 hoc test, P < 0.01; see Figure 3A ). Likewise, observed and expected heterozygosities (H O and 321 H E ) were higher for these potentially adaptive loci when compared to the control markers 322 (Tukey's post-hoc test, P < 0.005; Figure 3B ), while relative Moran's I indices were also 323 consistently significant for SNPs associated with climate (mean I / I max = 0.51). These last values 324 indicated a range-wide spatial autocorrelation for the alleles of these loci, which were more 325 clumped, albeit widely distributed, than those of the control SNPs (mean I / I max = 0.19). 326
Analyses were repeated at the regional scale for the Iberian Atlantic and Mediterranean 327 regions, which represent independent gene-pools currently experiencing contrasting climates 328 for ~60% of the total variance) did not produce any significant correlation (Table S5) . 358
Altogether, these tests suggest that the correlation between selected markers and climate 359 maladaptation was not caused by chance or population structure. 360
DISCUSSION 362
The utility of candidate-gene approaches in long-lived species with large genomes 363
In this study, we showed that the frequency of locally advantageous alleles at SNPs from 364 carefully selected candidate genes can be used as predictors of climate maladaptation. This 365 approach should be particularly appealing for outcrossing long-lived species like forest trees, for 366 which establishing common gardens is expensive and time consuming. In addition, for taxa with 367 extremely large genomes, such as conifers (Birol et Table S6 ), two components loaded by extreme temperatures (Table  458 S2). Although these results suggest that caution should be taken when interpreting genetic 459 associations with these two particular PCs, most of the correlations detected herein (67%) 460 involved climate components that showed no evidence of being spatially structured (Tables 1  461   21 and S6), which lends support to the view that the selected SNPs are effectively associated with 462 adaptation to climate. 463
464

Geographic extent of SNP-climate associations and modes of adaptation 465
Alleles from potentially adaptive SNPs were both widely distributed and locally clumped, while 466 the control (i.e. putatively neutral) ones showed a strong population structure at the range-wide 467 scale and a lower aggregation at the local level (Table 1, Figures 1 and 2) . Such patterns, 468 together with the particular biological traits of forest trees, suggest that selection could be acting 469 on the standing genetic variation of maritime pine, and at relatively small geographical scales 470 (see Eckert et al. 2012 for a similar case in P. contorta). Other than the action of selection on standing genetic variation, it can be argued that selection 491 on newly arisen variants could have also played a role in modeling the patterns described above. appeared and spread across most of Fennoscandia in less than 6,500 years, until reaching 508 frequencies above 0.6 in some modern populations in northern Sweden (Chen et al. 2012) . 509 23 However, even in this extreme case, the new advantageous allele did still have a local 510 distribution (i.e. only Fennoscandia), which is something that was not observed herein for the 511 SNPs associated to climate in maritime pine. 512
Spatially-heterogeneous patterns of adaptation can also be accounted for by demographic 513 history (i.e. the fixation of lineage-specific polymorphisms by drift), as proposed for boreal black 514 spruce (Prunier et al. 2012 ). However, in contrast to this conifer, overall levels of neutral genetic 515 diversity in Mediterranean maritime pine were not different across regions (Figure 3D The use of haplotypes can further improve the accuracy of predictive models that rely solely 559 on the marginal effects of individual loci (Calus et al. 2008; Eveno et al. 2008; Grivet et al. 560 2011), as they allow incorporating epistatic interactions of alleles (i.e. genetic context), which 561 also affects fitness. This is of particular interest given that beneficial allele combinations and 562 common large-effect variants are the first to be captured after the establishment of new divergent 563 selective forces, as may be the case for impending climate change, while rarer variants and 564 small-effect alleles at individual loci are only targeted after over 50 generations (Kremer and Le 565 Corre 2012). In the absence of adequate LD estimates, genetic context might be approximated by 566 using allele frequency covariation, but in species with strong population genetic structure, such 567 as maritime pine, the utility of this approach is limited. In such cases, looking for an enrichment 568 of coupling-phase LD among adaptive alleles might be an alternative, although newly developed 569 approaches may provide the adequate framework to overcome these issues more easily (e.g., 570
Berg and Coop 2014). Finally, the incorporation of epigenetic variation into these predictive 571 models must also be considered. Epigenetic factors have been shown to drive a substantial 572 proportion of phenotypic variation and climate adaptation in Norway spruce (Yakolev et al. 573 2010), which seems particularly rich in gene families involved in DNA and chromatin 574 methylation (Nystedt et al. 2013 ). Thus, their role in modulating the expression of key adaptive 575 genes in this and other taxa, including the candidates retained herein, still has to be surveyed. 576 577
In conclusion, we have shown that, while new technology is developed that allows in-depth 578 studies of the huge conifer genomes, carefully-selected candidate genes can still be useful to 579 identify genetic variation underlying adaptation to climate. Adaptive patterns are expected to 580 vary across geographically separate gene pools, as observed for the Iberian Mediterranean and 581
26
Atlantic ranges of maritime pine. Thus, the success of programs to preserve biological diversity 582 under impending climate change will largely depend on our capacity to identify and understand 583 how adaptive variation in keystone species is distributed and evolves. Fitness experiments under 584 extreme environmental conditions, as the one developed herein, do not only provide much-585 needed validation to association and outlier-locus studies but are also a first step to integrate this 586 knowledge into ecological models to foretell the fate of modern populations and species. 587
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